The potential energy surface ͑PES͒ describing the diffusion and vibration of CO molecules adsorbed on a Cu͑100͒ surface has been calculated using density functional theory within two different generalized gradient approximations ͑GGAs͒, employing a slab representation of the surface. One goal of the study was to investigate the origin of the discrepancy between a recently published PES ͓J. Chem. Phys. 114, 1053 ͑2001͔͒ and inferences that had been made from various experiments. A further aim was to create a PES that could provide a better basis for modeling and understanding of the diffusive and vibrational motion in the CO/Cu͑100͒ system. We found that the calculated PES has a global minimum on-top of the substrate atoms in line with the experimentally determined adsorption site. Diffusion is preferred across the bridge site, a saddle point, with a diffusion barrier of 95Ϯ30 meV and 125Ϯ30 meV for the two GGAs. Vibrational frequencies deduced from the PES agree with experimental results to within 10 meV.
I. INTRODUCTION
The potential energy surface ͑PES͒ describing the lateral motion of atoms or molecules on a surface is crucial for the understanding of a wide range of phenomena spanning, e.g., surface diffusion, sliding friction, catalysis, and phase transitions in two dimensional layers. The development of reliable PESs, however, has been difficult because of the small energy differences that have to be treated accurately. CO adsorbed on Cu͑100͒ has developed into a ''benchmark'' system because of its relative electronic simplicity and its good experimental approachability. Experimentally, the CO/ Cu͑100͒ PES is well characterized in the vicinity of the most stable adsorption site for the CO molecule. A wide range of techniques has provided information about the adsorption geometry, 1-3 the vibrational frequencies, 4 -6 and the binding energy. 7 The experiments indicate that the preferred adsorption site is on-top of the substrate atoms, 3 and a number of theoretical studies agree with this result. [8] [9] [10] [11] [12] However, for geometries other than in the vicinity of the most stable adsorption site there is little and contradictory information. At present only two techniques are available for reasonably accurate studies of a larger part of the PES: A theoretical approach based on periodic density functional theory ͑DFT͒ calculations and an experimental approach employing quasielastic helium atom scattering ͑QHAS͒. It is believed that the diffusion path follows a top-bridge-top line, but theoretical and experimental studies disagree on the barrier height and the shape of the PES in the vicinity of the bridge site. [13] [14] [15] A recent plane-wave based periodic DFT study employing a pseudopotential approximation found a sharp potential minimum at the bridge site in addition to a local minimum at the top site. 15 QHAS experiments, on the other hand, assume a smooth potential with a global minimum at the top site and no further local minima. 13 Because of limited QHAS energy resolution it is, however, not possible at present to make a conclusive experimental decision on the existence of local minima on the CO/Cu͑100͒ PES. 16 New developments in QHAS, i.e., replacement of the timeof-flight method by spin-echo, 16 -18 make it seem possible that this information will be available in the near future.
One of our goals in this study is to investigate how well the different DFT approximations perform when compared to the known experimental results, and at the same time possibly provide a basis for a better modeling and understanding of future experiments on the diffusive and vibrational motion of CO molecules adsorbed on a Cu͑100͒ surface. Another goal is to see if a different computational DFT approach will support the results presented in Ref. 15 , or maybe bring the theoretical results more in line with the experimental expectations.
This paper is organized as follows: In the following section the calculational details are outlined. The results of our calculations and a comparison with earlier studies are presented in Sec. III, which is followed by our conclusions in Sec. IV.
II. CALCULATIONAL DETAILS
We have used ADF-BAND [19] [20] [21] to solve the KohnSham equations 22, 23 self-consistently for a CO molecule adsorbed on a Cu͑100͒ surface, which is modeled by a slab with translational symmetry in two directions. A flexible baa͒ Electronic mail: pf231@cam.ac.uk sis set consisting of a combination of numerical atomic orbitals obtained from numerical Herman-Skillman-type calculations 24 and Slater-type orbitals has been used in the expansion of the one-electron states. It is worth noting that full convergence with respect to the basis set can be obtained without the use of plane waves, as has been demonstrated in the past. 20 The calculations can in princple be performed with all electrons included in the variational space. However, deeper lying electronic levels are kept frozen when explicit tests show that their variational inclusion has a negligible effect. Pseudopotentials are never used. The calculation of the matrix elements of the Hamiltonian is performed by product Gauss numerical integration rules within the pyramids that constitute the Voronoi polyhedra surrounding the atoms. 21 ͑The Voronoi polyhedron of an atom is the part of space that is closer to that atom than to any other one; in regular crystals these become the Wigner-Seitz cells.͒ A single parameter ͑the real space integration parameter͒ governs the precision of the numerical integration; a value q corresponds to relative precision 10
Ϫq in the integrals. Finally, the k-space integration can be done very accurately using the quadratic tetrahedron method. 25 The exchange-correlation energy in the local density approximation ͑LDA͒ is calculated using the Vosko-WilkNusair formulas. 26 Two generalized gradient approximations ͑GGAs͒ are employed in this study. The first combines the Becke correction 27 for the exchange energy with the Perdew correction 28 for the correlation energy ͑BP͒, and the second is the gradient-corrected functional of Perdew et al. 29, 30 ͑PW GGA-II, which we will label PW for brevity͒. All results are given including scalar relativistic corrections through the zeroth-order regular approximation [31] [32] [33] unless explicitly stated otherwise.
Recent work on the CO/Cu͑100͒ PES suggests the diffusion barrier to be between 40 and 80 meV. [13] [14] [15] For our calculations to be able to test the quality of the different density functional theory ͑DFT͒ approximations for this system, and possibly contribute to the increased understanding of the diffusive motion of CO on Cu͑100͒, the accuracy of the calculations should approach 10-20 meV for relative energies ͑e.g., the diffusion barrier͒. Figure 1 shows that the chosen computational parameters are sufficient to reach this goal: ͑a͒ A real space integration accuracy better than 10 meV in the chemisorption energy is reached by setting the real space integration parameter to 4.5. ͑b͒ Setting of the k-space integration parameter to 7 results in an error below 10 meV. ͓A k-space integration parameter of 7 corresponds to 28 points in the irreducible wedge of the surface Brillouin zone in the highest symmetry cases ͑e.g., CO perpendicular to the surface above a top site͒, and 43 points in the lower symmetry cases ͑e.g., CO not perpendicular to the surface above a bridge site͒. Note that these numbers of k-points are not directly comparable to the numbers in lower order k-space integration methods such as the linear tetrahedron method 34 or Monkhorst-Pack method, 35 due to the more rapid convergence of the quadratic tetrahedron method.͔ ͑c͒ A five layer slab gives results that differ by about 20 meV from a nine layer slab. ͑d͒ The TZ1P basis set ͑triple zeta, i.e., three basis functions per valence orbital, plus one polarization function͒ gives results that are within 10 meV of the results based on the TZ2P ͑triple zeta plus two polarization functions͒ and QZMP ͑quadruple zeta, i.e., four or more basis functions per valence orbital plus four or more polarization functions͒ basis sets. The QZMP basis set is very large, with a proven accuracy of bond energies at the 10 meV level. 36 The different basis sets tested are shown in Table I . ͑e͒ All results remain unchanged upon unfreezing the 1s orbital of C and O, and the 1s, 2s, and 2p orbitals of Cu ͑not shown in Fig. 1͒ .
Computational aspects concerning the choice of the Cu-Cu distance in the slab, the size of the surface unit cell, the effect of neglecting relativistic corrections, and the way the CO adsorption geometries have been found are discussed in Sec. III.
III. RESULTS AND DISCUSSION

A. Adsorption geometries
The CO molecule has been adsorbed within a c(2ϫ2) structure on the eight different surface sites shown in Fig. 2 . For each site the equilibrium position in d(C-Cu) ͑the distance of the C atom above the Cu surface plane͒ and d(C-O) ͑the distance between the C and the O atom͒ have been found through a two-dimensional cubic spline interpolation based on 25 or more calculated points for CO molecules adsorbed with the molecular axis normal to the Cu͑100͒ surface plane. The results for the BP approximation are given in Table II . For each of the resulting equilibrium geometries nine calculations have been performed with the CO molecular axis forming different angles with the surface normal ͑the position of the C atom is being kept fixed; see Fig. 2͒ . Each of these data sets have been interpolated with a third order polynomial, and the optimal angles found are given in Table III . The tilting directions were chosen to be along the lines of highest symmetry, i.e., in the top-bridge direction for the ''ttb,'' ''tb,'' and ''tbb'' sites, in the tophollow direction for ''th'' site, and in the hollow-bridge direction for the ''hb'' site. The CO molecules were found to be tilted following the shape of the effective corrugation of the surface charge density, i.e., bent towards the bridge site for the ''ttb,'' ''tb,'' and ''tbb'' sites and bent towards the hollow site for the ''th'' and ''hb'' sites. This finding is in line with a recent cluster PES calculation by Bagus and Wöll. 11 As seen from Table IV a comparison of the equilibrium geometries found in this study to those found in other theoretical studies, and also to the results of experiments, show a rather good mutual agreement. This indicates that the challenges when seeking to obtain a reliable PES for the CO/ Cu͑100͒ system will be found in the other aspects of the theoretical calculations or the experiments.
B. Diffusion barrier
Based on the results in Sec. III A a cubic spline fitted two-dimensional PES for CO motion along the surface is shown in Fig. 3 . A view of the potential along the most probable diffusion path ͑a ͗110͘ direction͒ is given in Fig. 4 .
The following additional tests have been performed to ensure proper convergence of the results: ͑i͒ For the equilib-TABLE II. Equilibrium distances for CO molecules with the molecular axis normal to the Cu͑100͒ surface plane at different surface sites ͓shown in Fig.  2͑d͔͒ . The C-Cu distance is denoted d(C-Cu) and measures the height of the C atom above the surface plane ͓see Fig. 2͑c͔͒ . The distance between the C and the O atom in the CO molecule is denoted d (C-O) rium geometries the calculations have been repeated with CO adsorbed in a p(2ϫ2) structure. The diffusion barrier decreases by about 20 meV when lowering the coverage from 50% to 25%. ͑ii͒ All results reported above have been obtained for CO adsorbed on a Cu slab with the Cu-Cu distance being the experimental bulk lattice constant ͑4.83 bohr͒. Using a theoretical bulk optimized lattice constant decreases the barrier by less than 10 meV. ͑iii͒ A relaxation of the top Cu layer has been performed giving rise to an increase in the barrier height that is smaller than 15 meV. ͑iv͒ As expected for the CO/Cu͑100͒ system, relativistic effects are not very important. Performing the calculations nonrelativistically changes the diffusion barrier by less than 5 meV as compared to calculations including scalar relativistic corrections.
The only remaining test to perform is to check the influence of changing the DFT functional. All the calculations above have been performed self-consistently on the LDA level, applying the GGA correction to the self-consistent LDA electron density. Performing the calculations fully selfconsistently on the GGA level introduces an increase in the BP diffusion barrier height of less than 20 meV. For the PW diffusion barrier the effect is larger as the barrier increases by about 50 meV. The extensive tests performed here and in Sec. II make us believe that we have converged the result for the diffusion barrier to within Ϯ30 meV of the DFT GGA limits for the CO/Cu͑100͒ system. The barrier obtained by the different DFT approximations are given in Table V. The PW functional appears to give a 30 meV higher barrier than the BP functional.
For the CO/Pt͑111͒ system it has been proposed that DFT within the most commonly used GGA approximations does not find the correct adsorption site, the top site, but prefers the hollow site, and, therefore, does not describe the shape of the PES reliably. 38 We have, however, recently found in extensive tests on that particular system 39 that when the computational precision is pushed sufficiently high, there is in fact a small energetic preference for the top site above the bridge site within the GGAs of DFT, of the right order of magnitude ͑about 60 meV͒. Also for the CO/Cu͑100͒ system there does not seem to be an anomaly. The results in Sec. III A indicate that DFT at the GGA level finds the correct adsorption site, and the results of this section suggest that the agreement for the shape of the PES between our calculations and experiments is rather good ͑see Fig. 4͒ . This view is also supported by the results of the next section. It is to be noted that a lower value is found experimentally for the activation energy E act for diffusion in QHAS experiments ͑31 meV͒ compared to the barrier on the adiabatic PES ͓95Ϯ30 meV for p(2ϫ2) with the BP functional͔. But we do wish to note that our calculated adiabatic barrier heights cannot be compared directly to the QHAS activation energy of 31 meV. It is necessary to perform extensive MD simulations on the adiabatic PES, including frictional coupling of the adsorbate motion to the surface, to deduce the equivalent of the QHAS measured activation energy from the PES. Such simulations always lead to considerably lower E act than the PES barrier height. 16 This is true for the CO/Cu͑001͒ surface of Ge and King, 15 where the PES barrier of 70 meV reduces to a simulated QHAS E act of about 40 meV. Jardine et al. 16 observed such a reduction also with other PESs, such as that for Na/ Cu͑001͒ and an earlier trial PES for CO/Cu͑001͒, and noted that a simple Arrhenius type of analysis of the QHAS data underestimates the adiabatic barrier by a significant and unknown margin. We therefore expect MD simulations to remove at least part of the discrepancy between our calculated barrier height and the lower QHAS E act , but it appears likely that the adiabatic DFT GGA barrier will still prove to be somewhat too high.
As can be seen in Fig. 4 the agreement between our results and the results of a recent plane-wave based periodic DFT study employing a pseudopotential approximation is not very good for the shape of the PES. Whether this discrepancy is a result of the pseudopotential approximation employed in Ref. 15 or an insufficient convergence in other computational parameters should be addressed in the future.
C. Vibrational frequencies
In addition to the lateral adiabatic PES, which is described above, the geometrical relaxation calculations provide the basis for a vibrational analysis. The frequency of mode ␣ can be calculated from the curvature of the full PES
where m is the effective mass of the vibrating particle. Normal mode analysis results in four normal modes attributed to the CO molecules: ͑i͒ a frustrated translational mode ͑commonly denoted T͒, ͑ii͒ a frustrated rotational mode ͑denoted R͒, ͑iii͒ a vibration of the entire molecule against the copper substrate ͑denoted S͒, and ͑iv͒ the internal vibrational mode of the CO molecule. The values derived from the present PES are listed in Table  VI , which also contains other theoretical and experimental literature data. The comparison with this data provides an additional accuracy check of the present calculations in the vicinity of the adsorption site. The benchmark has to be the experimental data in this case, because of its high energy resolution. 6, 44 The vibrational frequencies derived from the present PES have a deviation from experimental data of less than 10 meV. This is well in line with the general accuracy aimed for.
We would like to note that in Sec. III B we estimated the computational error bar for the barrier height to be Ϯ30 meV. In the light of this computational limitation, we cannot expect anything but qualitative agreement between the T, R, and S mode frequencies calculated with our PES and experiment. But that is indeed what is obtained ͑see Table VI͒ . We feel that these frequencies substantiate that our PES is basically sound. We are content that we do find the T mode frequency to be quite low, but it is not clear if we can attach any significance to the difference between calculation ͑6 meV͒ and experiment ͑4 meV͒. To do this in a meaningful way, the numerical precision of the calculations would have to be pushed much higher than it is now.
IV. CONCLUSIONS
Through density functional theory ͑DFT͒ employing two different generalized gradient approximations ͑GGAs͒ we have calculated the potential energy surface ͑PES͒ describing the diffusion and vibration of CO molecules adsorbed on a Cu͑100͒ surface, using a slab representation of the surface. Since the relevant energy differences are in the 10-100 meV range a considerable effort was made to reduce the calculational error. A careful testing of all computational parameters indicates that we have been able to converge our results to within Ϯ30 meV of the DFT GGA limits for the CO/ Cu͑100͒ system. We found that the calculated PES has a global minimum on-top of the substrate atoms in line with the experimentally determined adsorption site. As suggested by experiments we found that the diffusion preferentially follows a top-bridgetop line, with a calculated diffusion barrier of 95Ϯ30 meV and 125Ϯ30 meV for the two GGAs. All calculated vibrational frequencies agree with experimental results within 10 meV. We note that the present PES does not exhibit the deep well at the bridge site, which was a conspicuous feature of an earlier DFT GGA PES by Ge and King. 15 This part of the potential seemed to be at variance with the deductions made from low energy electron diffraction ͑LEED͒, 2 x-ray absorption and photelectron diffraction measurements, 3 and quasielastic helium atom scattering ͑QHAS͒ data.
14 It is gratifying that our calculated PES does not exhibit anomalous features compared to experiment. It is possible that the pseudopotential approximation of the pseudopotential plane wave method employed by Ge and King is not reliable at the very high level of accuracy that is needed here. The Cu pseudopotential may have a slightly different effect for adsorption at on-top and bridge sites.
Our results indicate that the two GGAs tested compare favorably to the known experimental data, and this suggests that the DFT GGA approach used here might be very helpful for providing a basis for a better modeling and understanding of the diffusive and vibrational motion in the CO/Cu͑100͒ system. 
